Abstract: Monoclonal antibodies (mAbs) and their derivatives are currently the fastest growing class of therapeutics. Even if naked antibodies have proven their value as successful biopharmaceuticals, they suffer from some limitations. To overcome suboptimal therapeutic efficacy, immunoglobulins are conjugated with toxic payloads to form antibody drug conjugates (ADCs) and with chelating systems bearing therapeutic radioisotopes to form radioimmunoconjugates (RICs). Besides their therapeutic applications, antibody conjugates are also extensively used for many in vitro assays. A broad variety of methods to functionalize antibodies with various payloads are currently available. The decision as to which conjugation method to use strongly depends on the final purpose of the antibody conjugate. Classical conjugation via amino acid residues is still the most common method to produce antibody conjugates and is suitable for most in vitro applications. In recent years, however, it has become evident that antibody conjugates, which are generated via site-specific conjugation techniques, possess distinct advantages with regard to in vivo properties. Here, we give a comprehensive overview on existing and emerging strategies for the production of covalent and non-covalent antibody conjugates.
Introduction
The introduction of the "magic bullet" principle by Paul Ehrlich at the very beginning of the 20th century and the following work of Köhler and Milstein on the production of the first mouse monoclonal antibodies in 1975 gave rise to the development of a novel class of therapeutics [1] . Today, monoclonal antibodies cover the majority of recombinant therapeutic proteins used in the clinic while many more are in clinical trials [2, 3] . However, the therapeutic effects of unmodified antibodies are often not curative, especially in cancer therapy, and so researchers started to focus on methods to arm antibodies with cytotoxic entities, giving rise to antibody drug conjugates (ADCs) [4, 5] and radioimmunoconjugates (RICs) [6] . In contrast to ADCs that carry a cytotoxic drug, RICs are armed with suitable therapeutic radionuclides. To date, only four therapeutic antibody conjugates have made it onto the market, namely "Mylotarg® (withdrawn)", Adcetris®, Kadcyla® (ADCs) and Zevalin® (RIC). Nevertheless, there are several promising candidates in early and advanced clinical phases [7] [8] [9] . At the same time, monoclonal as well as polyclonal antibody conjugates are important tools for a variety of in vitro assays that are indispensable for research, including Western Blot analysis or immunofluorescence.
It is of high importance to select the most appropriate conjugation technique according to the final purpose of an antibody conjugate [10] . Random conjugation via amino acids is often sufficient enough for antibodies that are used for in vitro assays where it is only important to maintain the binding affinity and specificity towards an antigen. Conversely, antibody conjugates that are used for medical applications have more stringent requirements. In addition to an unaltered binding affinity, it has become evident that the site of modification and the payload-to-antibody ratio (PAR) need to be controlled as both parameters can dramatically influence the pharmacokinetic, safety and therapeutic efficacy [11] [12] [13] .
Different sites within the structure of an antibody can be targeted to generate antibody conjugates ( Figure 1 ). As proteins are based on an amino acid backbone, conjugation via reactive natural or engineered residues is the most obvious method. The difficulty, however, is to control the stoichiometry of chemical reactions with lysine or cysteine residues, which are the two most commonly targeted amino acids for bioconjugation. The products of chemical conjugation via lysines or cysteines are usually a mixture of species with different PARs. Additionally, heterogeneity is not only created by different antibody-to-ligand ratios but also by different sites of conjugation. Depending on the purpose, certain antibody conjugates require a clearly defined uniform population to help to reduce batch-to-batch variability and possible impairment of antibody conjugates' characteristics [11, 12] . Hence, much effort has been made to find and establish antibody conjugation strategies that enable us to better control stoichiometry and site-specificity. Some of the approaches require site-directed mutagenesis while others are more complicated as they include multiple enzymes or combine protein expression machineries from different hosts. These techniques are in general more time consuming compared to a classical chemical conjugation approach since the primary sequence of the antibody has to be altered or additional proteins have to be expressed.
In contrast to various other recently published reviews [9, [14] [15] [16] [17] [18] [19] , this review does not report exclusively on bioconjugation strategies for ADCs but comprehensively summarizes currently available antibody conjugation methods with a focus on newly emerging technologies. Antibody conjugates can be generated by targeting natural amino acids (1) including interchain disulfides (2), engineered cysteines (3), non-natural amino acids (4), the carbohydrate moiety (5), the N-terminus of heavy and light chain (6) or engineered tags (7) . Strong protein-protein interaction, i.e., Fc-binding domains (FcBD) can be used to form noncovalent antibody conjugates (8) . Additionally, the nucleotide binding site (NBS) is a valuable antibody modification site for photoaffinity labeling (9) and antibodies with catalytic activity (10) can be exploited to form bioconjugates where the coupled pharmacophore, e.g., a peptide assumes the targeting function and the antibody acts as a cargo molecule.
Conjugation via Natural Amino Acid Residues
In theory, bioconjugation is possible via most amino acids [20] [21] [22] [23] [24] [25] . Nevertheless, the nucleophilic primary amine of lysine and reactive thiol of cysteine are the most commonly used amino acids in the bioconjugation of antibodies and are still the current method of choice. Additionally, tyrosine and selenocysteine have also been exploited as reactive sites for antibody modification (Figure 2 ).
Conjugation via Lysine
Lysine is one of the most commonly used amino acid residues for linking substrates to antibodies, because they are usually exposed on the surface of the antibody and are thereby easily accessible. Alkylation and acylation are the most important reactions with the nucleophilic ε-amine [22] . Antibodies can contain up to 80 lysine residues [26] and, as a consequence, conjugation via lysines inevitably leads to a twofold heterogeneity: (i) different number of substrates per antibody and (ii) antibodies with the same number of substrates attached at different sites [27, 28] . Furthermore, modified lysines in proximity to the antibody-binding site may influence the interaction of the IgG with the corresponding antigen. The heterogeneity with respect to stoichiometry can be controlled or limited to a certain extent by adapting the molar ratio of ligand and antibody used in the reaction and with respect to site-specificity by the chemical accessibility of reactive groups [29] [30] [31] . Lysines are typically modified with N-hydroxysuccinimide (NHS) esters, sulfonyl chlorides, isocyanates and isothiocyanates. From a countless number of lysine-coupled antibody conjugates, for both in vitro and in vivo applications, gemtuzumab ozogamicin (Mylotarg®) was the first antibody-drug conjugate (ADC) on the market. A semi-synthetic calicheamicin derivative was equipped with an NHS ester in order to conjugate the toxin to lysines of a humanized IgG4 [32] . However, due to a lack of improvement in clinical benefit to patients, Mylotarg® was withdrawn from the market in 2010. Currently, there are two clinically relevant antibody conjugates that are generated by lysine modification: (i) the ADC trastuzumab emtansine (Kadcyla®), and (ii) the radioimmunoconjugate (RIC) 90 Y-ibritumomab tiuxetan (Zevalin®). Whereas the drug was attached to the antibody via a heterobifunctional crosslinker [33] , an isothiocyanate-functionalized chelator was used to accomplish an antibody conjugate that can be labeled with the therapeutic radioisotope 90 Y [34] . Although NHS esters are widely applied, it should be noted that they can also react with other amino acids such as threonine, tyrosine, serine and cysteine or with the N-terminus of an antibody [35, 36] . In contrast to the stable amide bond between NHS esters and lysine residues, bonds that are formed with those amino acids can be labile and susceptible to hydrolysis. As a result, the premature release of the toxic drug from the ADC can lead to unwanted side-effects [37] .
Conjugation via Cysteines

Native Cysteines
In contrast to lysines, the number of cysteine residues within the sequence of IgGs is much lower. There are only four interchain disulfide bonds that can be targeted as potential conjugation sites and thus, the heterogeneity of immunoconjugates can be dramatically reduced. Moreover, these cysteines exclusively form covalent disulfide bonds to stabilize the tertiary structure of the antibody [38] [39] [40] [41] and are therefore, under non-reducing conditions, not reactive. Sun et al. took advantage of the fact that the susceptibility of different disulfide bonds in an antibody towards reduction varies [42] and developed two strategies that enabled tighter control of the site of conjugation. While partial reduction with either dithiothreitol (DTT) or tris(2-carboxyethyl) phosphine (TCEP) predominantly yielded conjugates where ligands were attached to heavy-light chain disulfides, partial re-oxidation with 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) yielded conjugates where ligands were mainly attached to heavy-heavy chain disulfides [43] . McDonagh et al. developed a different approach to control the site modification by replacing four or six of the interchain cysteines with serine, thereby reducing the number of accessible cysteines to either four or two. Accordingly, stoichiometric homogenous antibody conjugates with clearly defined site of ligand attachment could be generated [44] .
Classically, cysteine residues can be modified through disulfide exchange or addition to electrophiles such as maleimides and iodoacetamides [22, 23, 25] . Alkylation of thiols with iodoacetamide is predominantly used in order to prevent the formation of disulfide bonds (possible crosslinking) after reduction of an antibody and is therefore often required for analytical purposes. The most frequently used cysteine-based conjugation strategy uses maleimide-functionalized reagent or linkers. While the number of conjugates for both in vitro and in vivo applications is, as for lysine-based approaches, unlimited, only one antibody conjugate where conjugation via cysteine was employed is clinically relevant. Brentuximab vedotin (Adcetris®) is an ADC, which was generated by the conjugation of a maleimide-functionalized drug to the reduced interchain cysteines of an anti-CD30 antibody [45] .
Recently, various novel cysteine-reactive functionalities have been developed [46] . Patterson et al. developed a sulfone-based linker that exhibited, when conjugated to an antibody, superior stability compared to the corresponding maleimide-based linker [47] . Godwin and co-workers presented an alternative thiol conjugation approach where bis-sulfone-functionalized reagents are used to form a stable three-carbon bridge with disulfides. In addition, the structure of the antibody remains intact and the ligand-to-antibody ratio can be tightly controlled [48, 49] . Researchers in the labs of Chudasama, Baker and Caddick describe two different bridging approaches whereby they developed both a novel class of maleimides, designated as next generation maleimides, and successfully generated ADCs with all the aforementioned advantages [50, 51] in addition to using pyridazinedione derivatives to generate dual-modified ADCs [52] . This technology can be used to site-specifically attach two different functionalities onto an antibody while benefiting from the aforementioned advantages of bridging approaches. In addition, Lyon and Tumey have both developed novel maleimide-derivatives that undergo rapid thiosuccinimide ring hydrolysis and are then no longer prone to maleimide elimination processes [53, 54] .
Engineered Cysteines
The incorporation of additional unpaired cysteine residues into the backbone of an antibody is a valuable strategy towards improved homogeneity of antibody conjugates. Stimmel et al. used this approach and replaced a serine in the CH3 domain with a cysteine. Controlled reduction conditions enabled them to generate RICs by site-specifically attaching a chelating system exclusively to the two additional cysteines while all other cysteines in the antibody backbone remain unaffected [55] . A similar approach was exploited by Junutula and co-workers to develop homogeneous ADCs. The resulting defined drug-to-antibody ratio (DAR) of approximately two led to an improved therapeutic index compared to the corresponding ADC that was produced by conjugation via interchain disulfides [56, 57] . The absence of ADCs with a high DAR is most likely the reason for these results.
Additionally, the site of conjugation influences the stability of the bond between the toxin and the cysteine [58] . Sites where the cysteine is only partially accessible and surrounded by positively charged amino acids promoted succinimide ring hydrolysis, resulting in better stability of the conjugate. In contrast, solvent-exposed and easily accessible cysteines were prone to a maleimide exchange process with albumin, cysteine and glutathione both in vitro and in vivo [58] .
Although cysteine-based bioconjugation represents a valuable tool for site-specific and stoichiometric uniform antibody modification, some aspects have to be considered: (i) The introduction of novel solvent-exposed cysteine residues can influence the aggregation behavior of the expressed antibodies as the reactive thiols can form disulfide bonds between immunoglobulins [59, 60] and (ii) The thioether between maleimide and cysteine can undergo exchange and retro-addition processes in the presence of other thiols, e.g., albumin or glutathione that can influence the in vitro but more importantly the in vivo performance of the antibody conjugate [58, 61, 62] .
Conjugation via Selenocysteine
Rader and co-workers cotranslationally inserted selenocysteine, a cysteine analogue, into the C-terminus of IgG1 Fc fragments. The selenol group (pKa 5.2) endows selenocysteine with more nucleophilic chemical properties, enabling specific reaction with electrophilic moieties (maleimide, maleimide-like or iodoacetamide) in the presence of other amino acids, including cysteine (pKa 8.3) [63] . Moreover, reduction of the antibody is no longer required and hence, interchain disulfides will remain unaffected. By generating stoichiometrically uniform antibody conjugates with biotin, fluorescein and poly(ethylene glycol) as a proof of concept, they demonstrated the utility of their technology for the development of novel antibody conjugates [64] [65] [66] .
Conjugation via Tyrosine
Surface accessible tyrosines are rare and are therefore an attractive site for bioconjugation. By using cyclic diazodicarboxamide derivatives such as 4-phenyl-3H-1,2,4-triazole-3,5(4H)-dione (PTAD), Ban et al. established an efficient click-like tyrosine ligation and successfully conjugated PTAD-functionalized substrates to trastuzumab [67, 68] . Recently, they described a novel approach to conjugate via tyrosine residues in which diazonium hexafluorophosphate reagents are used to selectively modify trastuzumab. However, experiments with N-acyl methylamides of histidine, serine, cysteine, tryptophan and lysine revealed reactivity the latter two towards cyclic diazodicarboxamid. In addition histidine, tryptophan and unoxidized cysteine exhibited reactivity towards a diazonium hexafluorophosphate derivative [69, 70] . Even if both reagents exhibit a high chemoselectivity for tyrosine, side reactions with other amino acids are inevitable.
Conjugation via Bioorthogonal Amino Acid Residues
As an alternative to natural amino acids, non-canonical amino acids (NCAA) are valuable handles for site-selective protein labeling since they display a chemical functionality that is orthogonal to the functionalities found on natural amino acids [71] . Technologies to incorporate NCAAs require rearrangement of the antibody sequence and thus the exact localization and number of NCAA in the expressed protein can easily be controlled and changed.
Schultz and co-workers are pioneers of cell-based approaches to incorporate NCAA into proteins, including antibodies [72, 73] . Their technology relies on the introduction of an orthogonal tRNA/aminoacyl-tRNA synthetase pair, which, in combination with p-acetylphenylalanine (pAcF), was exploited to express NCAA displaying antibodies (Figure 3) . In a second step, oxime ligation with alkoxy-amine derivatized auristatin yielded homogeneous ADCs with defined sites of drug attachment [13, 74] . Recently, they presented an extension of their technology whereby they incorporated two distinct NCAA into the same antibody, pAcF and azido-lysine (AzK). The two functionalities enabled them to site-specifically conjugate a toxin and a fluorescent dye [75] , giving rise to an approach could be an attractive basis for endowing antibodies with toxins that exhibit different cell-killing mechanisms, thereby increasing the potency of ADCs. Although quantitative yields could be accomplished, the reaction conditions of the oxime ligation are rather harsh for antibodies and could potentially lead to aggregation [76] [77] [78] .
Open cell-free synthesis (OCFS) is a novel technology to incorporate NCAA into antibodies that, in contrast to the cell-based approach, does not use intact living cells [79] [80] [81] . The protein is synthesized by mixing cell extract (providing essential cell organelles) with chemical substrates (nucleoside triphosphates, amino acids, salts and co-factors), an energy regeneration system and the corresponding DNA template (Figure 3 ) [82] . Zimmerman et al. exploited OCFS to express p-azidomethyl-Lphenylalanine (pAMF)-displaying antibodies that could then be site-specifically modified with a drug to generate homogeneous ADCs [83] . Two different approaches can be employed to incorporate non-canonical amino acids (NCAA) such as p-acetylphenylalanine (pAcF), p-azidomethyl-L-phenylalanine (pAMF) and azido-lysine (AzK) into an antibody. The cell-based approach uses an orthogonal tRNA/aminoacyl-tRNA synthetase pair to generate a tRNA that carries a NCAA (X) and, hence, an orthogonal functionality is integrated into the antibody. On the contrary, the open cell-free synthesis (OCFS) is used to synthesize, rather than to express, the protein in a cell free environment. It requires cell extract (provides essential organelles), salts, nucleoside triphosphates (NTPs), co-factors, the corresponding DNA, amino acids (AA), NCAA and an energy regeneration system.
Conjugation via the Carbohydrate Moiety
The carbohydrate moiety of antibodies represents a suitable modification site because its localization is distant from the Fab region's immunoreactive site. Therefore, the chances of impairing the antibody binding affinity, a potential pitfall of chemical conjugation via lysines [21] , are minimal. Different strategies to target the glycan for bioconjugation have been developed among which three main methodologies can be distinguished.
Chemical Oxidation of Glycans
Numerous approaches have used sodium periodate as an oxidation reagent to introduce a bioorthogonal aldehyde functionality on the carbohydrate moiety of antibodies. The aldehydes were then used to react with hydrazide-or primary amine functionalized molecules such as biotin [84] , toxins [85] [86] [87] [88] , chelating systems for radiolabeling [89, 90] or spacers to link proteins to antibodies [91] [92] [93] [94] . The resulting antibody conjugates often lack homogeneity since (i) sodium periodate can cleave any cis-glycol group ( Figure 4A ) and (ii) the glycosylation pattern of antibodies is heterogeneous ( Figure 4B ) [95] [96] [97] . It has been shown that the rate of oxidation, and as a result the number of available aldehydes, can be controlled to a certain extent by adjusting the concentration of the oxidation reagent, reaction temperature or pH [98] [99] [100] . While selective oxidation is possible [88] , heterogeneity of the glycosylation pattern remains unchanged and additionally chemical treatment of the antibody may also affect amino acid residues such as serine, threonine, proline and methionine which could ultimately perturb the structure and immunoreactivity of the antibody. Sequential treatment of the antibody with β1,4-galactosyltransferase (Gal T) α2,6-sialyltransferase (Sial T) yields homogeneously sialylated antibodies that can be selectively oxidized to the corresponding aldehyde functionality or used as selective bioorthogonal handle if sialic acid derivatives are used. A more recent method introduces non-natural galactose derivatives by treating the antibody with β-galactosidase (Gal) and a mutant Gal T (accepts bioorthogonal azide-or keto-galactoses) to yield homogeneous G2 glycan patterns comprising non-natural functionalities (*). (D) Non-canonical thio-fucose derivatives were incorporated into the glycan of antibodies by feeding the cells with the bioorthogonal sugar resulting in expressed antibodies that display thiol functionalities (not homogeneous).
Enzymatic and Chemo-Enzymatic Modification of Glycans
To overcome the problems of chemical oxidation various enzymatic and chemo-enzymatic approaches have been established ( Figure 4C ). Solomon et al. treated the carbohydrate moiety concomitantly with neuraminidase and galactose oxidase to generate aldehydes and subsequently compared their enzymatic method to the classical periodate-approach with respect to site-specificity. The enzymatic oxidation was, as expected, more specific than the chemical oxidation because it is restricted to galactose [101] , however, as with the chemical oxidation, this approach does not address the fact that each carbohydrate can bear zero (G0), one (G1) or two terminal galactose (G2) units and thus, accomplishing homogeneous antibody conjugates is impossible.
Zhou et al. solved this problem by using a β1,4-galactosyltransferase to generate homogeneous G2 glycosylation and a α2,6-sialyltransferase to sialylate the antibody on the galactose units. Selective oxidation of sialic acid yielded aldehyde functionalities which were subsequently reacted with an aminooxy-functionalized toxin to produce homogeneous ADCs [102] . Li et al. exploited the very same approach as Zhou but introduced sialic acid derivatives, which have an azide functionality at the C-9 position, instead of normal sialic acid. The azide functionality was then reacted with various functionalities including a toxin to yield homogeneous antibody conjugates [103] .
A slightly different approach consists of an enzymatic two-step procedure to incorporate non-natural glycan moieties. In a first step, terminal galactose units are removed by β1,4-galactosidase to yield homogeneous G0 species which are then reglycosylated to a uniform G2 species by a mutant β1,4-galactosyltransferase-mediated attachment of C-2 modified galactoses, e.g., 2-keto-galactose (C2-keto-Gal) or 2-azido-galactose (C2-GalNAz). While Boeggeman et al. applied this technology to develop biotinylated and fluorescently-labeled antibody conjugates [104, 105] , other groups employed the protocol to generate radioactive antibodies as in vivo imaging agents [106, 107] or ADCs [108] . Van Geel and co-workers took this technology one step further by removing the terminal galactose residues and trimming the entire carbohydrate moiety down to its core GlcNAc unit. Analogous to the above described technologies, they then attached galactose derivatives to the core GlcNAc by using the same mutant β1,4-galactosyltransferase. To demonstrate the versatility and power of their platform, they used different antibodies, different galactose derivatives, linkers and toxins to generate homogeneous ADCs [109] .
Metabolic Engineering of the Carbohydrate Moiety
Instead of modifying the carbohydrate moiety of the purified antibody, Okeley et al. envisaged the introduction of unnatural fucose-derivatives at an earlier stage of the antibody production. Their antibody modification strategy is based on the metabolic incorporation of thio-fucose during the post-translational modification of the antibody by feeding the cells with the non-natural sugar ( Figure 4D ). The thiolfunctionality could then be used as a bioorthogonal handle to attach a toxin by employing standard thiol-maleimide chemistry [110] . Nevertheless, the incorporation rate varies significantly among different fucose derivatives, which limits the extension of this technology to introduce various bioorthogonal functionalities.
Although it has been demonstrated that the carbohydrate moiety is an attractive multivalent target for bioconjugation, most of the described approaches still suffer from product heterogeneity either caused by non-homogeneous glycan patterns or non-quantitative bioconjugation yields. Moreover, it must be considered that antibodies can also be N-glycosylated in their variable region [96, 111] . These Fab carbohydrates can be involved in immunomodulation [112] and their composition differs from the Fc glycans [113] . Bioconjugation procedures, as described in this section, will inevitably affect these Fab glycans and as a consequence may influence the antibodies properties.
Conjugation via the N-Terminus
The lower pKa of the α-amino group (average ~9.5) on amino acids compared to the ε-amino group of lysine (10.5) was exploited to direct acylation reactions to the N-terminus of antibodies. Francis and co-workers used different transamination reagents, based on a 4-pyridinecarboxaldehyde framework, to introduce ketone or aldehyde groups onto the N-termini of various antibodies ( Figure 5 ). The bioorthogonal functionality was then used to site-specifically conjugate aminooxy-functionalized molecules including fluorescent dyes, PEG, or porphyrin to antibodies [114] [115] [116] . The clear advantage of this approach is its versatility since it can be directly applied to any given antibody. However, the yield of these two step conjugation reaction is highly dependant on the physical-chemical properties of the corresponding N-terminal amino acid [114] and covers, in case of antibodies, the entire range from 0% to 70%. Low yields can be improved to a certain extent by substituting the N-terminal amino acid [115] . However, the versatility of the approach would be lost because modification of the antibody sequence on the genetic level is required. Figure 5 . Selective oxidation of the α-amino group of the N-terminal amino acid (X) of heavy and light chain using pyridoxal 5'-phosphate or N-methylpyridinium-4-carboxaldehyde. This reaction yields bioorthogonal keto-or aldehyde-functionalities, which can then be reacted with aminooxy-functionalized molecules.
Conjugation via Tags
Enzymes that recognize a specific amino acid tag, usually ranging from four up to 15 residues [117, 118] can be exploited for site-specific antibody conjugation. The uniqueness of the tag prevents random modification and allows the site of modification to be exactly determined in a similar manner as the incorporation of additional cysteines or NCAA. Currently, there are three different enzymes that have been exploited to conjugate various functionalities to full-length antibodies.
Formylglycin Generating Enzyme (FGE)
Formylglycine generating enzyme (FGE) recognizes a tag that comprises a six-residue LCxPxR motif and oxidizes the cysteine to formylglycine ( Figure 6A ) [119] [120] [121] . The bioorthogonal aldehyde functionality can then be reacted specifically with hydrazines and alkoxyamines to form hydrazones and oximes, respectively. Hudak et al. employed this approach to join an antibody to a second protein. The tagged antibody and the tagged protein were first reacted with a cyclooctynes-aminooxy linker and an azido-aminooxy linker respectively and then covalently linked together via a copper-free azide-alkyne cycloaddition reaction that yielded heterobifunctional antibody conjugates [122] . As a problem of hydrazones and oximes is their susceptibility to hydrolysis, Agarwal et al. recently developed a novel aldehyde tag-compatible functionality that is based on an indole framework and reacts with the aldehyde to form an oxacarboline linkage. This bond is stable towards hydrolysis and compatible with their FGEbased antibody bioconjugation approach [123] . As discussed above, the presence of unmodified cysteines on the tag could interfere with other free cysteines or with the folding of the protein [120] . 
Sortase
A second tag-based approach for antibody bioconjugation is sortase-mediated transpeptidation (sortagging), which relies on the ability of sortase A, a bacterial transpeptidase from Staphylococcus aureus, to catalyze the ligation between an LPXTG and a polyglycine motif ( Figure 6B ) [124] [125] [126] . Different groups have demonstrated the versatility of this technology by fusing proteins including albumin, a Fab-fragment, an antibody, gelonin and green fluorescent protein (polyglycine tagged) and peptides to an LPETG-tagged antibody [127, 128] . At the same time, it is also possible to tag small molecules with one of the two motifs and use them to produce antibody conjugates. Wagner et al. modified LPETG-tagged antibodies with triglycine-functionalized chemical entities that are suitable for copper-free azide-alkyne cycloaddition and subsequently linked two different antibodies to yield bispecific antibody conjugates [129] . Recently, Bellucci et al. described a non-canonical function of sortase A where they replaced the polyglycine with a WX3VXVYPKH motif. The introduction of this sequence into the backbone of an antibody enabled them to site-specifically conjugate LPETGfunctionalized biotin to the immunoglobulin via the lysine of WX3VXVYPKH [130] . This novel approach overcomes the limitations of classical sortase A mediated bioconjugation that is restricted to the terminal modification of proteins with only one molecule because it is conceivable to incorporate multiple copies of the sequence into the protein at virtually any location.
Transglutaminases
Transglutaminases (TGases, EC 2.3.2.13) are a family of enzymes that catalyze the acyl transfer reaction between the γ-carboxyamide group of glutamine residues and various primary amines including lysine (transamidation) under the loss of ammonia. Among different members of this enzyme family that have been used for bioconjugation approaches microbial transglutaminase (MTGase) from Streptomyces mobaraensis is the most popular one. First expressed, purified and characterized by Ando et al. [131] MTGase has become an indispensable and versatile tool, particularly for biotechnological technologies including antibody conjugation [132, 133] .
The first approaches to enzymatically conjugate biotin and fluorescent dyes to antibodies yielded heterogeneous antibody conjugates with regard to the PAR while the site of conjugation could not be determined [134, 135] . It was not until Jeger et al. discovered a single glutamine in the human IgG heavy chain domain (Q295), which is next to the antibody glycosylation site (N297), to be the sole site of modification for MTGase-mediated bioconjugation. Moreover, they could demonstrate that homogeneous antibody conjugates with a defined stoichiometry, i.e., exactly two payloads per antibody can be accomplished when the antibody was deglycosylated prior to the conjugation ( Figure 6C ). The introduction of a N297Q mutation enabled them to express an aglycosylated antibody variant that displays four potential acyl-donor sites for MTGase, thereby doubling the number of payloads that can be attached to the antibody [136] . This concept has recently been used to generate ADCs that carry a defined number of toxins per antibody [137, 138] .
Researches at Rinat-Pfizer developed a slightly different approach by introducing an artificial Gln-tag (XLLQGX, Figure 6D ) into an IgG1 that serves as a acyl-donor site for MTGase. Since the tag can be implemented at virtually any position in the backbone of an antibody they were able to investigate how the location of the conjugation site influences not only the in vitro, but, more importantly, the in vivo characteristics of the antibody conjugate, a particularly interesting question for ADCs. The tag was incorporated at different sites, enzymatically modified with a toxin and the resulting ADC stability and pharmacokinetics were evaluated. Using this approach they could demonstrate that ADCs where the toxin was attached at different sites exhibited different stabilities and pharmacokinetics when tested in mouse, rat and human plasma and mice and rats, respectively [139, 140] .
Miscellaneous Conjugation Methods
Conjugation via Fc-Binding Domains (FcBD)
All previously described bioconjugation methods include the formation of a covalent bond between a specific functionality and an amino acid or carbohydrate moiety. Small domains that bind with high affinity to a conserved sequence in the Fc-domain of antibodies are used to form non-covalent antibody conjugates with a defined site of conjugation and stoichiometry. This approach does not require any modification of the antibody itself and the same domain can be used to readily form bioconjugates with virtually every immunoglobulin of the same isotype/subtype.
ZZ-Domain
Among numerous FcBDs, the ZZ-domain-a dimer of the modified immunoglobulin binding site of protein A of Staphylococcus aureus [141] -is the most widely used. Its high-affinity interaction with the Fc part of antibodies [142, 143] has been exploited to generate antibody displaying nanocapsules ( Figure  7A ) that were employed for in vitro targeted delivery of proteins [144] for simultaneous detection of multiple antigens in immunological assays (Western blot analysis, immunocytochemistry, flow cytometric analysis, and immunohistochemistry) [145] , for immunosensor chips [146, 147] , or for the establishment of drug-delivery systems [148] . Benhar and co-workers developed FcBD-based ADCs by genetically fusing the ZZ-domain to Pseudomonas exotoxin A (ZZ-PE38) [149] . Incubation with a corresponding antibody yielded highly toxic non-covalently coupled ADCs ( Figure 7B ) that have proven their potential by efficiently killing tumor cells in vivo [150] [151] [152] . By combining the sortase A mediated protein-protein conjugation technology with the ZZ-domain, Sakamoto et al. demonstrated the utility of FcBDs as versatile adapter molecules for the generation of antibody-protein conjugates [153] .
Photoactivable FcBDs
Although the binding affinity of the ZZ-domain towards an antibody is high, it still remains a reversible interaction and hence may not be stable enough for applications where conditions such as pH vary. A possible strategy to covalently link an FcBD to an antibody is to equip the domain with a photoactivable probe, e.g., benzophenone that, upon irradiation, is activated and forms a covalent bond to a closely located amino acid on the immunoglobulin surface ( Figure 7C ). This methodology has been successfully applied by using various FcBDs including different variants of the monomeric Z-domain [154] [155] [156] [157] and a minimal domain of protein G [158] . 
Bioconjugation via the Nucleotide Binding Site
Besides the canonical antigen binding sites of an IgG (CDRs), a rather unknown and unconventional nucleotide-binding site can be found in the variable region of immunoglobulins [159] . Pavlinkova et al. were the first to recognize the potential of this binding pocket for site-specific antibody modification. They developed biotin-functionalized nucleotide derivatives that, upon binding, were photoactivated to form a covalent bond to the antibody ( Figure 8A ) [160, 161] . Alves et al. developed this strategy further by using various indole-functionalized ligands comprising biotin, a fluorescent dye, a cyclic peptide and paclitaxel to generate antibody conjugates [162, 163] . Even though the conjugation site is not very distant from the antigen-binding site, the immunoreactivity of the antibody was not impaired.
Catalytic Antibodies
Catalytic antibodies are immunoglobulins that mechanistically mimic natural enzymes. Barbas and co-workers screened for such antibodies via reactive immunization and could identify antibody catalysts that mimic class I aldolase enzymes [164] [165] [166] [167] . In contrast to any conjugation technology previously described, the antibody acts here solely as a carrier protein and has no targeting properties. By fusing a small molecular weight payload (SMWP, e.g., peptide) with a catalytic antibody, it is possible to generate antibody conjugates that combine the highly specific targeting properties of the SMWP and the pharmacokinetic characteristics of an antibody [168] [169] [170] . The conjugation is based on the derivatization of the pharmacophore with either a diketone, vinylketone or azetidinone functional group that forms a covalent bond with a specific lysine residue in the active site of the catalytic antibody ( Figure 8B ). This technology has been extensively exploited to develop a variety of novel therapeutics for cancer [171] [172] [173] [174] [175] [176] [177] [178] , HIV [179] , influenza [180] , pain [181] or growth hormone (GH) deficiency [182] . It must be reiterated, though, that it is no longer the targeting properties of the antibody that are desired, but their pharmacokinetic characteristics, and, hence, these are not antibody conjugates in the classical sense. The enzymatic activity of catalytic antibodies results in the formation of a covalent bond between a lysine of the catalytic site and a diketone-, vinylketone-or azetidinone-functionalized small molecular weight payload, e.g., peptide (yellow star).
Conclusions
At present, antibody conjugation techniques are often associated with the term 'site-specific'. The examples of ADC development outlined in this review clearly demonstrate the necessity for sitespecificity, but a defined stoichiometry of the corresponding cargo is equally, if not even more, important. Site-directed bioconjugation approaches help to investigate variables such as the site of conjugation, nature of payload and linker and choice of antibody format on the in vivo performance of ADCs. It is likely that, in the future, only site-specifically (and stoichiometrically) modified ADCs will be approved by regulating authorities since these techniques enable us to tightly control the conjugation reaction to produce highly defined ADCs, and, thus, ensure batch-to-batch reproducibility. It is the opinion of the authors that it is not clear at this point which techniques or combination of techniques are the most appropriate for large-scale ADC production. It should also not be forgotten that classical, non-specific chemical conjugation methods are proven technologies that are easy to use and, in many cases, they are sufficient, e.g., for in vitro studies performed on a daily basis in the laboratory. This review has shown the current scope of technologies for the conjugation of full-length antibodies, but there are numerous bioconjugation methods for different protein scaffolds available. While researchers are spoilt for choice as to the most suitable strategy for their conjugation purpose, it is important to choose the right method that yields antibody conjugates, which are tailor-made for their foreseen use.
